To investigate genetic mechanisms of high altitude adaptations of native mammals on the Tibetan Plateau, we compared mitochondrial sequences of the endangered Pantholops hodgsonii with its lowland distant relatives Ovis aries and Capra hircus, as well as other mammals. The complete mitochondrial genome of P. hodgsonii (16,498 bp) revealed a similar gene order as of other mammals. Because of tandem duplications, the control region of P. hodgsonii mitochondrial genome is shorter than those of O. aries and C. hircus, but longer than those of Bos species. Phylogenetic analysis based on alignments of the entire cytochrome b genes suggested that P. hodgsonii is more closely related to O. aries and C. hircus, rather than to species of the Antilopinae subfamily. The estimated divergence time between P. hodgsonii and O. aries is about 2.25 million years ago. Further analysis on natural selection indicated that the COXI (cytochrome c oxidase subunit I) gene was under positive selection in P. hodgsonii and Bos grunniens. Considering the same climates and environments shared by these two mammalian species, we proposed that the mitochondrial COXI gene is probably relevant for these native mammals to adapt the high altitude environment unique to the Tibetan Plateau.
Introduction
As the most prominent terrestrial highland on the earth, the Tibetan Plateau enacts great effects on global climate and biosphere. Its fauna and flora prospering on the plateau are constantly challenged by the harsh environment of hypoxia, low temperature, high solar radiation, and lack of biological production. Native animals of the Tibetan Plateau, surviving over thousands of years on the highland, have developed various physiological, behavioral, and morphological strategies to cope with these environmental challenges; some of the changes are certainly attributable to phenotypic plasticity and others are genetic. The genomic mean for discovering inheritable changes in a species is to sequence its genomes, including both nuclear and organellar genomes.
Pantholops hodgsonii (Tibetan antelope or chiru)
is an excellent representative of the native mammalian species, which has perfectly adapted to the Tibetan Plateau. Living at elevations from 3,700 to 5,500 meters (1 ), the antelope can run for hours at a spectacular speed. Such high speed and stamina indicate that it is very effective in utilizing limited oxygen supply and other energy resources on the plateau. Therefore, we chose P. hodgsonii as an initial subject to look for any adaptive genetic changes, at both DNA and protein levels, and molecular mechanisms for high altitude adaptations of native mammals that thrive on the Tibetan Plateau.
During the past few decades, mitochondrial DNA (mtDNA) has been widely used in studies of evolutionary biology and population genetics. As the locality of energy metabolism and hosting unique genetic material, mitochondrion and its genome are particularly interesting for high altitude biology. Mammalian mitochondrial genome is a circular, double-stranded molecule with a length of about 16 Kb. In general, it contains 13 protein-coding genes, 2 rRNA genes, 22 tRNA genes, and a non-coding control region (2) (3) (4) . The thirteen proteins encoded by the genome are all related to oxide metabolism.
In the current study, we report a complete mitochondrial genome sequence from a single P. hodgsonii individual and results from comparative analysis in search of genetic outcomes in living under high altitude environments.
Results

General features of the P. hodgsonii mitochondrial genome
The P. hodgsonii mitochondrial genome is 16,498 bp long, shorter than those of Ovis aries (NC 001941) and Capra hircus (NC 005044), which are 16, 616 bp and 16,640 bp in length, respectively, yet longer than that of Bos taurus (NC 001567), Bos indicus (NC 005971), and Bubalus bubalis (NC 006295), which are 16,338 bp, 16,339 bp, and 16,359 bp in length, respectively. The size differences are resulted from different lengths of the control region among these species. Nucleotide composition analysis revealed that the P. hodgsonii mitochondrial genome is biased towards AT (A 33.59%, T 26.87%, G 13.11%, and C 26.41%); such an AT content is lower than those of O. aries and C. hircus. The P. hodgsonii mitochondrial genome encodes 13 proteins, 2 rRNAs, and 22 tRNAs (Figure 1 ). Eight tRNA genes and one protein gene are located on the light strand (Table  1) . And the number of polymorphic sites at protein coding genes and RNA genes in the mitochondrial genomes of P. hodgsonii, C. hircus and O. aries is shown in Table 2 . (30 ) . ND1 to ND6 refer to NADH subunits; COXI, COXII, COXIII refer to cytochrome c oxidase subunits; ATP6 and ATP8 refer to ATPase6 and ATPase8; the tRNA genes are denoted by shade and are noted accordingly; Origin refers to Origin of L-strand replication. The ATPase8 and ATPase6 genes are overlapped for 40 bp. Some bases between genes are too few to be denoted in the figure. 
Protein coding genes
There are 13 protein-coding genes in the P. hodgsonii mitochondrial genome. Among these genes, eight use ATG as start codon and three (NADH2, NADH3, NADH5) use ATA as start codon. Some of these 13 protein genes are terminated with incomplete stop codons: NADH1, NADH3, and ATP6 are terminated with TA; COXIII (cytochrome c oxidase subunit III), NADH2, and NADH4 are terminated with T; the rest are terminated with TAA and AGA (Table 1) . Presumably, these incomplete stop codons are accommodated post-transcriptionally in the mRNA maturation process, i.e. polyadenylation (5 ). Figure  2 ), whereas in C. hircus the mutations were found within 150 to 512. The region from 400 to 500 constitutes the transmembrane components X, XI, and XII. 
RNA genes
There are 22 tRNA genes identified in the P. hodgsonii mitochondrial genome, typical for mammalian mitochondrial genomes (6) (7) (8) (9) . Lengths of these tRNAs range from 65 to 74 bp. Some indels occur in the dihydrouridine and TψC arms (Figure 1) . The 12S rRNA and 16S rRNA genes are 957 bp and 1,566 bp in length, respectively.
Control region
Mitochondrial control region of P. hodgsonii is 1,067 bp in length, shorter than that of O. aries (1,180 bp), C. hircus (1,212 bp), domestic dog (1,270 bp), and domestic horse (1,192 bp), but longer than that of B. taurus (910 bp), B. indicus (913 bp), B. bubalis (910 bp), and B. grunniens (894 bp). By using the Tandem Repeats Finder (10 ), we found a 75-bp tan-dem repeats that vary among different species: four in O. aries (Ref. 6 ; another O. aries haplotype in the same study has three repeats), two in C. hircus, and two in P. hodgsonii. The 75-bp repeats appear at the same location for these three species, close to the 5 -end of the last prolinyl tRNA (Pro) gene (Figure 1) . Sequence consensuses of these 75-bp repeats are very similar with identities of 86.7% between O. aries and P. hodgsonii, 74.0% between C. hircus and P. hodgsonii, and 76.6% between C. hircus and O. aries. In addition, P. hodgsonii has two additional 25-bp tandem repeats, which have not been found in Bos species. This repeat is inserted at the 3 -end of the P. hodgsonii control region, close to phenyalaninyl tRNA (Phe) gene (Figure 1 ).
The 75-bp repeat has a lower GC content (25%) than the average of the control region (39%), whereas the 25-bp repeat has slightly higher GC content (41%) than the average. Although we only found two 75-bplong tandems in control region of the C. hircus mitochondrial genome, there is no loss of length in the C. hircus control region, compared to the same region of O. aries.
Phylogenetic analysis and time of divergence
Complete cytochrome b of P. hodgsonii, O. aries, C. hircus, and other species of the Bovidae family were used to construct phylogenetic trees by using PAUP*(4b10) (11 ), with Giraffe camelopardalis as the outgroup. Our result indicates that P. hodgsonii is more related to O. aries, C. hircus, and Oreotragus oreotragus (klipspringer) (Figure 3) , consistent with previously studies (12 , 13 ) . Based on the phylogenetic tree and a substitution rate of 0.056 per site per million years between two taxa (14 ), we estimated that P. hodgsonii and O. aries divided about 2.25 million years ago (Table 4) . Based on complete sequences of mitochondrial cytochrome b and a substitution rate of 0.056 per site per million years between two mammalian taxa.
Positive selection analysis
We used PAML (15 ) to analyze natural selection on mitochondrial genes of P. hodgsonii. The numbers of N (nonsynonymous substitutions) and S (synonymous substitutions) of each branch were calculated for eight genes that are more than 1,000 bp in length by codmel in PAML package. We found that N/S ratios of the COXI gene are significantly higher for the P. hodgsonii branch and the B. grunniens branch, compared with other branches (Fisher test P<0.001; Figure 4 ). The difference between N/S ratios of the B. grunniens branch and the P. hodgsonii branch is not significant (Fisher test P>0.1). These results suggested that the COXI gene has probably undergone positive selection in P. hodgsonii and B. grunniens. Despite the fact that COXI of P. hodgsonii has only three unique amino acid changes, it has other variation shared with one or more other species, which may collectively alter the function of the protein itself or interactions with other components in the mitochondrial respiration system. Experimentation and detailed structural analysis are of essence to pinpoint the relatedness of structure and function underscored by genetic changes. The sequence alignment of a highly variable region of COXI from selected species is shown in Figure 2 .
Discussion
In the current study, we sequenced a complete mitochondrial genome from one P. hodgsonii individual, as the first attempt in a long-term research effort to understand the genetic basis of hypoxic adaptations of native fauna and flora on the Tibetan Plateau. Similar to other mammalian mitochondrial genomes, the P. hodgsonii mitochondrial genome contains 13 protein genes, 2 rRNA genes, 22 tRNA genes, and one control region. Its control region has two 75-bp tandem repeats near the last tRNA gene, whereas O. aries, C. hircus, and Bos species have three/four, two, and none, respectively. Although we only identified two 75-bp repeats in the control region of C. hircus, it is still possible that there might have been four units since C. hircus mitochondrial genome is very similar to the O. aries sequence in length and two of these four repeat units may occur early in time, resulted in poor homology due to mutations over a long decaying period. There are two additional 25-bp tandem repeats near the end of C. hircus's control region, suggesting that short tandem repeats occur frequently (16 , 17 ) . Our results are in close agreement with the proposed climatic changes around the Tibetan Plateau.
To investigate whether the P. hodgsonii mitochondrial genes have been selected under the hypoxic environment of the plateau, we compared functional genes (CYTB, COXI, COXII, and COXIII) encoded in the mitochondrial genomes among P. hodgsonii and other distant relatives, including O. aries, C. hircus, and B. grunniens. In the COXI gene, we found that most of the mutations affecting amino acid sequences in P. hodgsonii and B. grunniens occur at sites between 400 and 500, whereas mutations in C. hircus occur at sites between 120 and 512. The region of 400 to 500 contains the transmembrane components X, XI, and XII, suggesting that nonsynonymous mutations unique to the two high altitude-adapted species may have functional implications. Although this process of functional prediction may not be very reliable, our results suggested to the likely targets for the next experimentation to verify the novel conjecture.
Evidence from N/S ratios shows that the COXI gene has more functional mutations in P. hodgsonii and B. grunniens compared with other mammals (Figure 4) , providing further evidence that the COXI gene might have undergone positive selection among the native mammalian species of the plateau. The cytochrome c oxidase is the last step of the electron transport chain. It is consisted of 13 subunits, of which three subunits are encoded by the mitochondrial genome (COXI, II, and III), and ten subunits are encoded by the nuclear genome. Functional core of the enzyme complex is composed of subunits 1, 2, and 3 (18 ) . Numerous studies have shown that some of the subunits of the COX gene have higher nonsynonymous substitution rate in primate than in other animals, such as COXI (19 ) , COXII (20 ) , and the nuclear coded COXIV (21 ) and COXVII (22 ) . Several pieces of evidence suggest that structure and activity of cytochrome c oxidase may have adaptive changes during physiological hypoxia in mouse and rat cells (23 ) . Expression of the mitochondrial genome encoded subunit COXI can decrease due to hypoxia while the enzyme efficiency remained. It suggested that expression of the COXI gene was regulated by the oxygen content. In addition, significant higher expression of COXI mRNA was observed in mammalian tissues, such as kidney and heart, during hibernation, and the change was not found in euthermic animals (24 , 25 ) .
Since P. hodgsonii and B. grunniens are both well-adapted to the same environment, the Tibetan Plateau, natural selection may have resulted in similar genetic signatures in their genomes, including the nuclear and mitochondrial genomes. Similar seemingly function-associated mutations and dN/dS ratios at COXI of P. hodgsonii and B. grunniens provided useful clues for further studies and functional confirmations on the role of mtDNA-encoded COX subunits on adaptation of native mammals to the unique Tibetan Plateau.
Materials and Methods
DNA extraction and sequencing
Blood samples of P. hodgsonii individuals were collected from the Kekexili Natural Reservation in Qinghai Province, China, in December 2004. Samples were stored at 4℃ for a few days before whole genomic DNA was extracted from the whole blood with standard salt-extraction method.
PCR primers and sequencing primers were designed based on a sequence of O. aries mitochondrial genome (NC 001941; ref. 6 ). PCR reactions were conducted on a PTC-200 thermal cycler with the following conditions: an initial denaturation step of 95℃ (3 min) followed by 34 cycles of 95℃ (30 s), 58℃/56℃ (30 s), and 72℃ (90 s) followed by 72℃ for 10 min. PCR products were purified by Montage PCR Cleanup Kit (Millipore, Billerica, USA) and sequenced with ABI 3730xl DNA Analyzer (Applied Biosystems, Foster City, USA).
Sequence analysis
Base calling was performed with Phred (26 ) at the lowest Phred quality values control of 20.
The sequences were assembled with Phrap (http://www.phrap.org) in a default setting. Sequence contigs were further finished, compared, and annotated in referencing to that of the O. aries sequence (NC 001941).
Genes of tRNA were defined with tRNAscan-SE 1.2 (http://www.genetics.wustl.edu/eddy/tRNAscan-SE/). Comparative analysis was performed by using BLAST (27 ) and CLUSTAL W1.83 (28 ) . Tandem repeats were defined with the program Tandem Repeats Finder (10 ) .
Phylogenetic analysis
Complete sequences of cytochrome b genes from P. hodgsonii, O. aries, C. hircus, and other selected species of the Bovidae family were used to construct
